ABSTRACT
INTRODUCTION
Asphalt is "a dark brown to black cementitious material in which the predominating constituents are bitumens, which occur in nature or are obtained in petroleum processing" [1] . Historically, asphalt was commonly used as a sealant for personal water carrying vessels as well for structural developments in large scale cities for road building and waterproofing for shelter [2] . Refinery asphalt, such as Trinidad Petroleum Bitumen (TPB), is derived from the fractional distillation of crude oil encompassing a final process of oxidation unto residual matter. In this process, the lighter components are separated through vaporization and condensation whilst the heavier substances remain as a liquid. Hydrocarbons produced in the carbon molecular range embodying the properties of the natural asphalt are referred to but not exclusive of maltenes and asphaltenes [3] . There exists several known natrually occuring tar lakes worldwide where asphalt from these lakes are made usable by simple refinement after mining, the most famous and largest being The Trinidad Pitch Lake, stumbled upon by sea explorer Sir Walter Raleigh in the year 1595. Trinidad Lake Asphalt (TLA) is acquired from this 100 acres Pitch Lake and the material consists of a unique combination of three basic components; bitumen, water and very fine mineral matter which accounts for unique chemical and physical properties [4] . The TLA itself has world reknowned properties of durability, strength, malleability and resistance to aging and weathering as well as impact forces from traffic (as in the case of bridges and aircraft runways, amongst others) under varying conditions of temperature and is a key additive in asphalt applications worldwide [5] . Today, asphalt's most valuable and prevalent usage is for asphalt paving [6] however it is also utilized in construction projects [7] and hydraulic applications [8] .
Throughout the world, asphalt pavements experience various types of failure over time mainly due to increasing traffic loads and adverse climatic and environmental changes. Climatic factors influence structural changes within the asphalt pavement structure compromising the interfacial adhesive and cohesive forces between bitumen molecules thus weakening foundations [9] . These negative structural changes manifest itself as surface defects, surface deformation, cracks and patches and potholes [10] . Rutting resistance (permanent deformation due to repetitive loading) and fatigue cracking (loss of resilience) have been identified as common distresses that occur in road pavements [11] [12] . In order to mitigate these distresses and even improve the performance of asphaltic binder materials, expired pavement surfaces can be milled and recycled [13] [14] . Alternatively, the application of polymer modified asphaltic binders has proven to be useful for the reduction of rutting and fatigue cracking while providing an added advantage of offering a reuse option for waste polymeric materials [15] . Previous studies have shown that polymer modified asphalt pavements can last 2 to 10 years Performance of waste polymer modified road paving materials longer than conventional pavements which usually last approximately 15 years [16] .
Research investigated the Marshall Stability of Polyethylene Terephthalate (PET) modified bituminous mixes and sought to acquire the most desirable percentage of PET for modification of the bitumen samples [17] . The results indicated that the addition of PET significantly enhanced the performance characteristics of the parent binder at 8% PET addition where Marshall Stability value increased by approximately 60% and the flow value increased by 40% compared to the unmodified sample. A similar study involving the use of plastic bag fibers as a modifier in a 60/70 bitumen and a 80/100 bitumen found that the Marshall Stability values increased at added PET concentrations of 5.4% and 0.6% for 60/70 the bitumen and the 80/100 bitumen respectively [18] . Other studies conducted by [19] [20] [21] simarly highlighted the performance enhancing potential of waste PET in asphalt. With regard to asphaltic materials indigenous to Trinidad and Tobago, research examining the effect of both concentration and particle size of added PET on the rheological properties of Trinidad Lake Asphalt (TLA) and Trinidad Petroleum Bitumen (TPB) found that the optimal concentration for fatigue cracking and rutting resistance occurred at 2% PET [22] . For TPB-PET blends, the 2% PET concentration for the 0.85 mm to 1.18 mm particle size range provided the best fatigue cracking resistance, whereas the particle size range 0.60 mm to 0.85 mm produced the best rutting resistance. The performance enhancing effect observed by the addition of PET in asphaltic binder materials was also observed when crumb rubber (CR) was used as a modifier improving durability, rutting resistance, skid resistance and crack reflection properties [23] [24] . Of notable interest, a study investigating the effect of particle size and concentration of crumb rubber (CR) on the rutting and fatigue cracking resistance in TLA and TPB showed that to minimize fatigue cracking, the optimum particle size for TLA was that of >500 mm to 710 mm, and for TPB >500 mm to 710 mm with a 2% crumb rubber addition [25] . Similarly for rutting resistance, the optimum particle size and CR addition for TLA and TPB were >250 um to 355 um at 4% crumb rubber addition and >500 um to 710 um at 5% crumb rubber additions respectively. These results were generally consistent with findings using Trinidad asphaltic materials where at 1% CR inclusion to TLA samples, a substantial increase in stiffness value was recorded, and between the 1%-4% addition, generally less elastic samples were acquired compared to unmodified TLA samples [26] . The rutting resistance of both TLA and TPB samples were enhanced upon the incorporation of CR particles, however the optimum CR concentration for TLA was 5%. Particle sizes of >355 mm to 500 mm as well as ≤250 mm with a 5% CR inclusion also positively impacted on the rutting resistance.
Existing research studies found in the literature studying the optimum dosages of PET and CR in asphaltic materials other than TLA and TPB are irrelevant as variations in performance characteristics due to the addition of polymeric additives can vary from asphalt to asphalt due to differences in source and chemical composition of the parent binder [27, 28] . While the literature review has revealed several studies measuring the effect of CR and PET on the rheological properties of PET and CR modified TLA and TPB blends, studies measuring the effect of CR and PET on the key performance attributes of Marshall Stability, Marshall Flow, Marshall Quotient and Bulk Specific Gravity of the road pavement formulation (that includes the addition of aggregates) are limited. These studies are essential since although rheological studies provide a sound basis for progress providing optimum dosages, inferences from rheological studies are theoretical in nature. It is the results of the listed performance attributes testing that will be critical to evaluate on a practical basis, the potential for the enhancement of the mechanical properties of the Trinidad indigenous asphalts TLA and TPB using waste CR or PET. In Trinidad and Tobago, the disposal of used vehicle tyres and other polymeric materials such as PET has become an issue of national concern since flooding, visual pollution, danger to wildlife and sea animals, coupled with other negative environmental impacts, can be attributed to the improper disposal and lack of reuse of these waste polymeric materials [18] .
The objective of this study is therefore to measure the influence of CR and PET on the performance characteristics as measured by Marshall Stability, Marshall Flow, Marshall Quotient and Bulk Specific Gravity of asphaltic road pavement formulations applicable to Trinidad and Tobago (TLA and TPB) and in so doing evaluate the potential of utilizing this technique as a reuse option for these waste polymeric materials.
METHOD

Materials
The TLA and TPB asphalt binders used in this study were obtained from the Lake Asphalt Company of Trinidad and Tobago and the Petroleum Company of Trinidad and Tobago Limited respectively. The aggregates used in the present study were sharp sand and Limestone (referred locally as blue metal), commonly used aggregates in road paving in Trinidad and Tobago and was supplied by the Coosal's Construction Company Limited. Waste PET and CR were obtained from Blue Waters Company Limited and Mileage Mac Company Limited respectively.
Sample Preparation
Aggregate Gradation and Composition
The mixture consisted of refined TLA, TPB 60/70 penetration, waste polymer, sharp sand and blue limestone (dust, ¾ inch, and 3 / 8 inch sized aggregates).
Performance of waste polymer modified road paving materials
Using a wet sieve for asphalt gradation, the aggregates (coarse, fine and filler) were proportioned according to the HMA2 requirements (Wearing course for Class A roads: Heavy traffic, >7,500 vehicles per day) as outlined in Table 1 [29] .
The total mixture comprised of 93% aggregate and 7% binder (of which 75% was TPB 60/70 penetration and 25% TLA) as per common practice in Trinidad and Tobago and outlined by ASTM D5710/D5710M [30] . Mix proportions prepared are shown in Table 2 . The total mixture comprised of 7% binder (75% TPB, 25% TLA) and 93% aggregates (30% sharp sand, 30% stone dust, 30% of 3/8" gravel and 10% of 3/4" gravel). The aggregates were heated to 105°C in preparation for the mixing and compacting procedure. Upon heating, the required amounts of TPB, TLA and modifier were weighed and incorporated into the mixture which was then heated again to the same temperature. The total weight of the specimens do not exceed 1200 g for the mold assembly. The required proportions for mixing are shown in Table 2 .
In Table 2 , A0 represents the unmodified asphalt blend containing aggregate and the binder composition of 25% TLA and 75% TPB. Samples labeled 'B' and 'C' represent the CR and PET modified binder compositions and the adjacent numbers indicate the percentage of modifier applied, by weight of the binder.
Performance Testing of Samples
Marshall tesing was conducted as outlined by previous studies [31] . The procedures employed to execute the Marshall tests were done according to the standards outlined by ASTM D6926 -10 (Standard Practice for Preparation of Bituminous Specimens using Marshall Apparatus Practice for Preparation of Bituminous Specimens) and ASTM D6927 -15 (Standard Test Method for Marshall Stability and flow of asphalt mixtures) [32, 33] . Three samples of each composition were placed in an oven set at 60°C. The guide rods were lubricated and the temperature of the test head ranged between 20°C to 40°C. A sample was removed from the oven and placed in the breaking head. The flowmeter was then zeroed and laid over the guide rod. It was ensured that the time from specimen removal to positioning does not exceed 30 seconds. The sample was put into compression at a rate of 50.8 mm/min. This load was applied until a reduction in load in experienced or up to the point where the dial gauge released. This value and the corresponding flow value were recorded. The procedure was repeated for the outstanding Marshall specimens and the values recorded. The Bulk Density (Specific Gravity) and Voids were measured utilizing the ASTM C29/C29M -16 (Standard Test Method for Bulk Density (Unit Weight) and Voids in Aggregate) [34] . The rodding procedure was employed where a measure of known volume is sequentially filled with the material and compacted by stroking. The weight of the compacted material divided by the volume of the measure derives the Bulk Density. 
Gradation Results
The result of the aggregate gradation procedure or the 'job mix' is shown in Figure 1 . The gradation band for this test displayed is the graphical view of the combination of the four aggregates passing by percentage weight in each sieve. The dotted region shows the allowable area (upper and lower limits) as specified by Table 1 for the HMA2 aggregate blend. Figure 1 illustrates that the line stayed within the allowable region (shaded region) and therefore the blend was determined as appropriate for the testing procedures. This is the identical procedure applied in the construction industry in Trinidad and Tobago.
Marshall Stability and Flow Values
Marshall Stability values give an indication of the maximum load sustained by the asphaltic blend material before failure at a loading rate of 50.8 mm/minute at 60°C. The test load is incrementally increased until it reaches a maximum after which as the load just starts to decrease, the loading is ended and the load at this point (i.e. Marshall Stability) is noted. During the loading testing procedure, the asphaltic blend's plastic flow owing to the applied load is also recorded. The flow values recorded refer to the resultant vertical deformation when the maximum load is reached at failure of the sample. Marshall Stability is directly related to the resistance of the asphaltic blends to distortion, displacement, rutting and shearing stresses: characteristics governed mainly from internal friction due to the action of the aggregates and cohesion binding forces of the binder material. As asphaltic pavements are subjected to stresses due to traffic loads and the environment, it is necessary to adopt asphaltic materials with good stability and flow values for durability. Figure 2 shows the variation of Marshall Stability with % of added polymer for both CR and PET.
Overall, values of Marshall Stability increased due to the addition of PET and CR with values ranging from 7.33 kN to 8.83 kN. The PET and CR modified blend containing 3% added polymer had the highest values of Marshall Stability. There is a positive variation of about 16% for the largest Marshall stability of 8.49 kN for 3% CR and 20.5% for the largest Marshall stability of 8.83 kN for 3% PET when compared to the lowest Marshall Stability value of 7.33 kN obtained for the unmodified binder. Figure 3 shows the results of Marshall Flow with the % of added polymer for both CR and PET.
Marshall Flow values ranged from 3.1367 mm to 3.5233 mm for all the tested blends. Blends containing 6% polymer additions of both CR and PET recorded the lowest Marshall Flow values whereas the highest Marshall Flow values were Figure 2 Showing Marshall stability with the % of added polymer for both CR and PET obtained with 4% polymer additions for both the CR and PET polymeric materials. At the 6% polymer addition, the decrease in Marshall Flow values was approximately 12% and 10% for CR and PET respectively. A 1.3% decrease was also measured for CR at 2% polymer addition. However at the 4% polymer addition, the increase in Flow values was approximately 10% and 16% for CR and PET respectively. All sample blends tested including both modified and unmodified samples satisfied the acceptance criteria outlined by the Trinidad and Tobago Standard of a range 2-4 mm.
Marshall Quotient
The ratio of stability to flow is known as the Marshall Quotient indicative of the material's resistance to permanent deformation. Figure 4 shows the variation of the calculated Marshall Quotient with the % of added polymer for both CR and PET.
The results show that the addition of both CR and PET resulted in generally higher values of MQ with significantly higher MQ values recorded, 6% CR, and 6% PET representing an increase of between 21-22% compared to the unmodified blend. Notable increases in MQ include the 2% CR which was measured to be 16.2% and the 3% PET which was measured to be 13%. Based on the Marshall Quotient data obtained, the PET and CR modified asphaltic blends containing 6% added polymer have superior performance qualities. 
Bulk Specific Gravity
The bulk specific gravity test is used to determine the specific gravity of a HMA sample by determining the ratio of its weight to the weight of an equal volume of water. Therefore, it can be said that the higher the Bulk Specific Gravity value, the more tightly packed the sample is and therefore the less air voids exists. If less air voids are present, it is expected that such a sample will obtain higher stability and lower porosity values since they are more compact which is preferable for pavement applications. Figure 5 shows variation of Bulk Specific Gravity with the % of added polymer for both CR and PET.
The results of this study show that PET and CR additions resulted in marginal changes in Bulk Specific Gravity. For PET and CR polymer additions <6%, the Bulk Specific Gravities were slightly higher than the unmodified blend. The addition of 2% CR and 2% PET resulted in maximum values of Bulk Specific Gravity (approximately 1%) indicating that these two modified blends are most compact. At 6% PET and CR polymer additions, the Bulk Specific Gravity was lowest reflected by a slight decrease of 0.2%. The Bulk Specific Gravity of the all the mixes ranged between 2.392 and 2.416 x 10 3 g·cm -3 . The lack of variation between the bulk density readings at polymer additions less than 2% shows that the bulk density of the PET and CR modified asphaltic mixtures containing less than 2% polymer is quite similar. However as % polymer addition increases incrementally beyond 2%, PET modified blends were generally Figure 5 Showing bulk specific gravity with the % of added polymer for both CR and PET denser than those containing similar quantities of CR. The higher Bulk Specific Gravity values generally correlates with low air voids content resulting in compacted roads that exhibit higher durability as they resist the ingression of water better than improperly compacted roads with high air voids which under heavy loads deforms more and are susceptible to raveling and fatigue.
As discussed in the introduction, the optimum % concentration of added PET and CR can vary and can be as high as 8% depending on the source and nature of the asphalt used. This study pointed out that the optimum % concentration of added waste polymer is 6% for both CR and PET for the TLA and TPB based asphaltic paving materials indigenous to Trinidad and Tobago. The study confirms the findings of other studies where it has been shown that the influence of polymeric additives on the mechanical properties of bituminous materials from different sources cannot be generalized and must be independently investigated as a clear relationship between the differences in the quality of asphalt (different compositions) from different sources and the resulting performance qualities of the binders exist; asphaltic materials with the same specifications can often produce pavements of varying physical properties, performance and serviceability [27, 28] . As shown in Figure 6 , these studies demonstrate that TLA is an asphaltic material of unique composition containing significantly higher asphaltene content compared to other refinery bitumen such as TPB and that TLA contained kaolinitic clay not present in TPB and other refinery bitumen. These compositional differences have been shown to influence the flow, colloidal characteristics and rheological properties of asphaltic systems which ultimately influence the performance attributes.
There are no previous studies measuring the influence CR and PET on the key mechanical properties of Marshall Stability and Flow and Bulk Density on asphaltic paving materials containing TLA and TPB. The importance and significance of these values therefore cannot be underscored as these results will be critical to evaluate on a practical basis, the potential for the enhancement of the mechanical properties of the Trinidad indigenous asphalts TLA and TPB using waste PET or CR and simultaneously provide an environmentally sustainable strategy for the reuse of waste CR and PET.
CONCLUSIONS
The results of this study show that a 6% CR and PET addition achieved the highest performance advantage demonstrated by an increase in the Marshall Quotient of between 21-22% and an insignificant decrease in the Bulk Specific Gravity (0.2%) compared to the unmodified blend. The improvements in the Figure 6 The comparison of the compositions of TLA and TPB with literature values of other asphaltic [27, 28] 
